A significant positive association between body length and multiple-locus heterozygosity is reported in a strain of rainbow trout (Salmo gairdneri). There is also a significant negative association between the number of heterozygous loci per fish and oxygen-consumption rate. Although more heterozygous fish use less oxygen, the amount of variation explained by this relationship is small. No significant association between oxygen consumption and hatching time is evident, although fish in genotypic classes that had faster average developmental rates tended to use less oxygen. These results suggest that faster developmental and growth rates may be attributed partially to the greater metabolic efficiency of more heterozygous fish.
INTRODUCTION
Several recent studies have suggested that more heterozygous individuals have enhanced growth rates compared to more homozygous individuals. The positive relationship between heterozygosity and size has been detected in natural populations with individuals of approximately the same age (Singh and Zouros 1978; Zouros, Singh, and Miles 1980; Singh 1982; Koehn and Gaffney 1984) and different ages (Fujio 1982; Manwell and Baker 1982; King 1985) . However, other studies have not detected such a relationship and sometimes have found that homozygotes may be larger than heterozygotes (Beaumont, Beveridge, and Budd 1983; Diehl et al. 1985b ).
The observation that heterozygotes have enhanced growth rates prompted Koehn and Shumway (1982) to propose that heterozygotes are metabolically more efficient ' We thank Tom Pruitt of the Creston National Fish Hatchery for providing the rainbow trout gametes and Dr. Delbert Kilgore for technical advice and helpful suggestions on the manuscript. We also thank the reviewers of this manuscript for comments and suggestions. This research was supported by National Science c 1987 by The University of Chicago. All rights reserved. 0031-935X/87/6002-5123$02.00 than homozygotes. The increased metabolic efficiency of heterozygotes was postulated to enhance growth rates because more energy would be available for growth because of lower routine metabolic costs. Koehn and Shumway (1982) observed that weight-specific oxygen-consumption rates were significantly lower in more heterozygous oysters (Crassostrea virginica) in both normal and stressful environments. A similar relationship has been detected in the coot clam Mulinia lateralis (Garton, Koehn, and Scott 1984) and tiger salamander Ambystoma tigrinum (Mitton, Carey, and Kocher 1986) under normal conditions. However, under stressed conditions (i.e., forced exercise) more heterozygous tiger salamanders used more oxygen than more homozygous animals (Mitton et al. 1986 ).
In contrast, Rodhouse and Gaffney (1984) did not find any differences in the mean adjusted oxygen-consumption rates of oysters with different levels of heterozygosity (high, medium, and low) but did find a difference in weight loss during starvation conditions. More heterozygous oysters lost weight at a slower rate than less heterozygous oysters, which suggests that the ability of heterozygotes to conserve energy under stress conditions accounted for their enhanced growth rates. Diehl, Gaffney, and Koehn (1985a) found a similar relationship with weight loss between homozygous and heterozygous mussels (Mytilus edulis) but also found that heterozygous mussels used less oxygen.
The rate of development in salmonid fishes is dependent on ambient oxygen 211 conditions. Alderdice, Wickett, and Brett (1958) and Garside (1966) have shown that fish develop more slowly at lower oxygen tensions. Therefore, fish with lower metabolic requirements for oxygen should be able to maintain higher developmental rates in such environments. Even in environments where oxygen levels are not limiting, fish with lower metabolic requirements for oxygen should be able to assimilate more of their available energy into growth and development. If scope for growth and developmental rate are positively related, then fish with greater metabolic efficiency should hatch sooner. However, differences in the quantity and quality of energy reserves in the egg yolk (protein, lipid, and carbohydrate) may also influence developmental rates. Individuals with enhanced metabolic efficiencies may not necessarily develop faster if they have inferior energy reserves.
The present study examines the relationship among size, oxygen-consumption rate, and enzyme heterozygosity in rainbow trout (Salmo gairdneri). Our objective was to test whether more heterozygous fish are larger and have lower oxygen-consumption rates than more homozygous fish. We were also interested in determining the relationship between oxygen-consumption rate and developmental rate.
MATERIAL AND METHODS

EXPERIMENT 1
On January 13, 1984, gametes were removed from 25 males and 25 females of the Eagle Lake strain of rainbow trout maintained at the Creston National Fish Hatchery in Creston, Montana. A subsample of gametes from each individual were put into a separate container and transported to the University of Montana in Styrofoam coolers packed with ice. Approximately equal numbers of eggs from each female were combined and then mixed with equal volumes of sperm from the males to make a pooled cross. The embryos were incubated in darkness in a Heath incubating rack at 7.5 + 1 C until yolk-sac resorption was almost complete. At this time the embryos were transferred to an aquarium with recirculating water and raised until they were 178 days old, postfertilization.
The Eagle Lake strain has been maintained at the Creston National Fish Hatchery since 1980 and originated from native resident fish of Eagle Lake, California. The strain has higher than average amounts of genetic variability compared with other wild and domestic strains of rainbow trout (Allendorf and Phelps 1981; Ferguson, Danzmann, and Allendorf 1985).
EXPERIMENT 2
On February 27, 1985, gametes were obtained from 10 males and 10 females of the Eagle Lake strain. A pooled cross as in experiment 1 was made, and the embryos were raised to hatching under conditions similar to those described for experiment 1. At hatching, embryos were separated into six temporal hatching groups. Each hatching group represented approximately onesixth of the total hatching distribution and corresponded to the sequential order of hatching for the pooled cross. The hatching groups were designated 1 through 6, representing the first to last groups to hatch, respectively. After hatching was completed, the embryos of each hatching group were maintained in separate sections of a single Heath incubating tray until yolk-sac resorption was almost complete. At this time, all the hatching groups were transferred to separate but adjacent compartments in a recirculating aquarium and reared at 11 ++ 1 C until the fish were 96 days old.
HETEROZYGOSITY AND SIZE
The relationships between average heterozygosity and length in experiment 1 and between average heterozygosity and wet weight of the fish in each hatching group in experiment 2 were examined using linear-regression procedures. For experiment 1, differences between the lengths of fish homozygous and heterozygous at various enzyme loci were compared using a Wilcoxon two-sample test (Sokal and Rohlf 1981). Unless otherwise specified, the significance level in all statistical tests is .05.
OXYGEN-CONSUMPTION RATE
Oxygen-consumption measurements were made using a Gilson differential respirometer (Gilson Medical Electronics). Each fish was placed in a 15-ml respirometry flask and immersed in 3.5 ml ofaquar-ium water. Preliminary experiments with fish of the same age indicated that a shaking rate of 150 3-cm strokes per min was sufficient to overcome diffusion-limited transfer of gas into the volume of water used. Gas volumes were standardized (11 C, 1 atm) and presented as microliters of oxygen consumed per hour. The final value used was obtained from a linear-regression equation calculated with standardized readings taken at 10-min intervals for 1 h. Oxygen-consumption rates were calculated for 132 fish in experiment 2. Up to 14 fish were examined in the respirometer at the same time. Over a 3-day period, 10 experimental runs were conducted. The fish were starved for 24 h prior to observation. The oxygen-consumption rate (Vo2) per individual was standardized to that of a 300mg wet-weight individual following the formula given by Koehn and Shumway (1982):
where Wis the wet weight in milligrams of the experimental fish, b is the slope from the regression of the log of oxygen consumption per hour on the log of the wet weight, and V02(exp) is the oxygen consumption of the experimental fish. The calculated linear-regression equation for logtransformed oxygen consumption on wet weight was log y = 0.850 log x-0.090.
The confidence interval for the slope of this equation is +0.084. There is no significant deviation from linearity for this regression (goodness-of-fit G-statistic = 0.30; 131 df) (Sokal and Rohlf 1981). Our calculated slope relating oxygen consumption and body weight is slightly higher than those reported previously for rainbow trout (Rao 1968) but falls within the 95% confidence intervals for these previous estimates. The relationship between average heterozygosity or hatching time and oxygen consumption per standardized 300-mg fish was examined using linear-regression procedures. Either a t-test or one-way ANOVA with the GT-2 method (for unequal sample sizes) of a posteriori means comparison (Sokal and Rohlf 1981) was used to test for differences in Vo2 between genotypic classes at individual loci. ELECTROPHORESIS Enzymes produced by the following polymorphic loci were examined in each fish: glycerol-3-phosphate dehydrogenase (G3pl; EC 1.1.1.8 
RESULTS
HETEROZYGOSITY AND SIZE
There is a significant positive association between heterozygosity and length in Eagle Lake rainbow trout from experiment 1 (fig. 1; P < .025). These fish were produced by randomly combining the gametes from 25 males and 25 females. There are no significant differences in the lengths of homozygous and heterozygous fish from experiment 1 at any loci except Me3 and Sodl. Heterozygotes are significantly longer than homozygotes at Me3 and Sodl (table 1) . However, the differences at Me3 and Sodl are not significant if we take into account that seven independent tests were performed (Cooper 1968 ). The association between heterozygosity and weight is not significant within any of the six temporal hatching groups examined in experiment 2 (fig. 2) . These fish were produced by randomly combining the gametes from 10 males and 10 females.
It is not possible to examine directly the association between heterozygosity and size between fish from the different hatching However, we could indirectly examine this relationship using a blocked ANOVA design. In this analysis, homozygotes and heterozygotes for each locus are considered the treatments and the hatching groups are considered blocks (Sokal and Rohlf 1981). No significant differences were detected among treatments (heterozygotes vs. homozygotes) at any locus. However, heterozygotes were larger on average than homozygotes for 24 out of 33 possible comparisons within hatching groups (P = .007; one-tailed sign test; table 2).
In experiment 2, we also compared the average number of heterozygous loci per fish in each hatching group to the average lengths of 50 additional fish sampled from each of the six hatching groups at the time of yolk-sac absorption. These 300 fish were from the same hatching groups as the fish used in the estimation of Vo2 but were sampled prior to the onset of exogenous feeding. These fish all shared a common environment as they were reared in adjacent sections of a single Heath incubating tray, and, therefore, their lengths could be compared directly. The lengths of the fish were measured with Vernier calipers to onetwentieth of a millimeter. A one-way ANOVA with the T method (equal sample 
sizes) of a posteriori means comparison (Sokal and Rohl 198 1) was used to test for differences in the mean lengths of fish among the hatching groups and in the average number of heterozygous loci per fish among the different hatching groups. There are no significant differences among hatching groups in the average number of heterozygous loci per fish (F[5,125] = 1.13).
However, significant differences in the mean lengths of the fish existed between hatching groups (F[5,294] = 6.15; P < .001). figure 3 , fish in the tails of the hatching distribution tended to be smaller than those in the middle. For example, fish in the first hatching group are significantly smaller than fish in the second, third, fourth, and fifth hatching groups, while fish in the sixth hatching group are significantly smaller than fish from the third and fourth hatching groups (fig. 3) . Hatching groups composed of more heterozygous fish tended to have fish that were larger (Spearman rank correlation coefficient = 0.50; N = 6; P > .05; fig. 3 ).
As indicated by the T intervals in
HETEROZYGOSITY AND OXYGEN-
CONSUMPTION RATE
There is a significant negative association between Vo2 and heterozygosity for all the fish examined in experiment 2 ( fig. 4 ; P = .04). More heterozygous fish used less oxygen than more homozygous fish. Regression analysis indicated that the strength of the relationship was weak, as the coefficient of determination accounted for only 3% of the variation. The regression equations relating Vo2 and the number of heterozygous loci per fish in each of the six hatching groups indicated more heterozygous fish used less oxygen than more homozygous fish in five out of six hatching groups. However, this relationship was not significant in any group. The equations for the first to the last hatching group, respec- (Danzmann, Ferguson, and Allendorf 1986) . Therefore, heterozygosity does not appear to be associated with differences in developmental rate in this strain of rainbow trout. Significant differences in the hatching distributions of genotypic classes at Idh3,4 were, however, evident in the present study. ,4 (100), (71), and (114) alleles hatched significantly sooner than those with the (40) allele (Wilcoxon twosample test) (table 3) . The hatching distributions of these genotypes had the same rank order in a previous study using Eagle Lake and other strains of rainbow trout (Danzmann et al. 1986 ). experiment 2 (fig. 5 ). However, since there are no significant differences between the average heterozygosity of fish in the different hatching groups in the present experiment, the lack of an association be- We next compared the hatching distributions and Vo2 of homozygotes and heterozygotes at each locus. Fish in the genotypic class using less oxygen hatched sooner for five out of the six loci compared (table  3) . For example, at G3pl and Gll, heterozygotes used more oxygen and hatched later than homozygotes, while, at Idh2, Mdh3,4, and Sodl, heterozygotes used less oxygen and hatched sooner than homozygotes. The same relationship between Vo2 and hatching time was also evident for the three heterozygous genotypes at Idh3,4. Idh3,4 (114) genotypes hatched sooner than (71) genotypes, which, in turn, hatched sooner than (40) genotypes. Idh3,4 (114) genotypes also used less oxygen than (71) genotypes, which, in turn, used less oxygen than (40) genotypes. Idh3,4 homozygotes, however, hatched earlier than heterozygotes but also used more oxygen.
differences in the hatching distributions of homozygotes and heterozygotes at any locus (table 3). No significant association between hatching time and heterozygosity of all loci combined was observed in a previous analysis of this strain
Fish with the Idh3
OXYGEN-CONSUMPTION RATE AND HATCHING TIME
We found no significant association between V02 per fish and hatching group of the fish in
DISCUSSION
The results from this study support those of previous investigations which suggest that heterozygotes are metabolically more efficient than homozygotes (Koehn and Shumway 1982; Garton 1984; Garton et al. 1984; Diehl et al. 1985a ). More heterozygous Eagle Lake rainbow trout use less oxygen than homozygotes. This appears to be associated with a positive scope for growth as more heterozygous fish are also larger (figs. 1, 2).
Our findings also suggest that faster developmental rates may in part result from increased metabolic efficiency. Fish within the genotypic class (heterozygous or homozygous) using less oxygen hatched sooner at five out of the six loci examined. This evidence is only indirect, however, and assumes that the rank order of oxygen-consumption rates among genotypes remains the same throughout development.
Even though heterozygous fish reared in experiment 2 tended to be larger than homozygous fish, the differences in size associated with heterozygosity were not significant within any hatching group in experiment 2. There are two reasons why an association between heterozygosity and size may not be readily detectable within hatching groups. If differences in developmental rates directly influence the size of fish, we would then expect less size variation within than between hatching groups. It is not possible to directly compare between hatching groups because these fish were reared in separate environments after yolk- (4) 
did not detect any differences in hatching time between different-sized embryos. However, it is premature to conclude that egg size has no influence on development time, as their analysis was based only on three females from each species. Future experiments will examine the relationship among heterozygosity, Vo2, and body size in the same pooled group of embryos, and developmental rates of fish with different genotypes will be inferred from a subset of this pool sampled at hatching time.
The present data do not allow us to attribute decreased oxygen consumption to the direct action of heterozygosity at the enzyme loci. There are two other explanations that may also account for the observed relationship between Vo2 and heterozygosity: inbreeding and linkage disequilibrium. Under the first hypothesis, more homozygous fish are presumed to be more inbred and therefore more likely to express deleterious genes thai might decrease metabolic efficiency. This is an unlikely explanation, however, since the fish were produced by randomly mating 10 males and 10 females. Therefore, homozygotes should not be more inbred than heterozygotes.
Alternatively, these loci may be marking chromosomal segments that carry other genes influencing metabolic rate. In a study examining the association between heterozygosity and hatching time in six strains of rainbow trout, Danzmann et al. (1986) have shown that the enzyme loci examined appear to be markers of other genes affecting developmental rate. In some strains, heterozygotes at a specific locus hatched significantly sooner than homozygotes, while, in other strains, the opposite was true. A similar approach examining the association between Vo2 and heterozygosity in different strains would address this question. A consistent association between heterozygosity and Vo2 between strains would suggest that the effects were directly attributable to the locus. Conversely, significant positive associations in some strains-but negative associations in other strains-suggest the loci are marking other genes that influence metabolic rate. Therefore, studies examining this relationship in additional strains are required. 
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